Rainfall intensity plays an important role in landslide prediction especially in mountain areas. However, the rainfall intensity of a location is usually interpolated from rainfall recorded at nearby gauges without considering any possible effects of topographic slopes. In order to obtain reliable rainfall intensity for disaster mitigation, this study proposes a rainfall-vector projection method for topographic-corrected rainfall. The topographic-corrected rainfall is derived from wind speed, terminal velocity of raindrops, and topographical factors from digital terrain model. In addition, scatter plot was used to present landslide distribution with two triggering factors and kernel density analysis is adopted to enhance the perception of the distribution. Numerical analysis is conducted for a historic event, typhoon Mindulle, which occurred in 2004, in a location in central Taiwan. The largest correction reaches 11%, which indicates that topographic correction is significant. The corrected rainfall distribution is then applied to the analysis of landslide triggering factors. The result with corrected rainfall distribution provides better agreement with the actual landslide occurrence than the result without correction.
Introduction
Rainfall is a major factor triggering landslides in Taiwan, and the intensity of rain plays an essential role in the landslide prediction. However, the influence of topography in the rainfall direction and intensity is usually neglected in the analysis of the relations between rainfall amount or intensity and landslide occurrence. There is no differentiation between rainfall on windward slopes and on leeward slopes. Because rainfall always occurs together with strong winds in a typhoon event, there is consistently strong horizontal wind momentum with changing directions. The need for adjusting rainfall distribution for the topographic effect seems essential.
Landslides are massive earth movements caused by gravity and frequently triggered by factors such as rainfall. Various types of remote sensing tools are extensively applied in understanding both landslides factors and feature recognition for landslide susceptibility [1] [2] [3] [4] [5] [6] . Rainfall is the most important triggering factor in Taiwan due to its tropical and sub-tropical climate. The studies of De Lima [7] , Helming [8] , and Sharon [9] all recognized that using vertical rainfall alone is not sufficient for describing rainfall effects on slope soil erosion, since wind speed and wind direction should also be considered. The force component normal to the slope is identified as the most important contributing factor to rainfall splash on soil surface. Similarly, vertical rainfall is not sufficient to describe the rainfall effects on unconsolidated overburdens of shallow landslides. Schulz [10, 11] observed that most landslides in Seattle might not be caused by ground-water conditions especially those triggered by heavy precipitation. In addition, the aspect of a slope will not only dominate the impact angle of a raindrop but also the intensity of the rainfall. As shown in Figure 1 , total rain-drops (N) collected with a rain gauge of area A in any location within a plain area (Figure 1(a) ) are the same. However, in a sloping area, the leeward side is subjected to lower rainfall intensity than the windward side ( Figure 1(b) ). Thus, the topographic effects should be considered in the rainfall estimation. Taiwan is located in tropical and sub-tropical zones, and often suffers from heavy rainfall, especially during typhoons. In addition, Taiwan is located at a tectonic suture zone, with collisions occurring between the Philippine Sea and Eurasian plates. More than 70% of Taiwan is covered by mountainous terrain, with rock formations highly fractured and jointed. These physiographic settings make Taiwan a fragile land, especially vulnerable to rainfall-induced landslides. As an example, 106 landslides with an area of 1,290,745 m 2 were observed and reported in the Alishan watershed with total area of 36 km 2 [12] . About 4% of this area is covered by landslides.
For practical applications in the physiographic environments of Taiwan, the classification scheme of landslides developed by Varnes [13] is simplified into five major categories, namely, rock falls, shallow-seated landslides, deep-seated landslides, dip-slope and wedge slides, and debris flows, as shown in Table 1 . Types of landslides can be differentiated by their physical appearance, which is especially useful for applications with remotely sensed images. Remote sensing is a useful tool for deriving landslide inventory [2, 3, 5, 6, [14] [15] [16] , and the physical appearance of landslides is the basis of boundary recognition and landslide type. However, displaced materials of a rainfall-induced landslide are usually washed away from steep slopes, so only the fresh scars of the rupture surface remain. Fresh landslide scars emplaced at various slope gradients and locations normally include the following types, rock falls, debris slides, channel bank failures, and debris flows. Table 1 is a classification scheme used by Central Geological Survey, Taiwan [17] . In this study, the landslides of concern include all types of shallow-seated landslides, except debris flows. This exception is made because debris flows are triggered by a different mechanism, with more contributions from flowing water instead of gravity. In other words, debris flows are treated as a transformation of other shallow-seated landslides when high rainfall concentration and liquefaction of displaced materials take place.
Several researchers have reported that the rainfall intensity is an essential factor of rainfall-triggered landslide [18] [19] [20] . However, relatively few studies discussed the interpolation of rainfall intensity which employs topographic information. Thus, the objective of this study is to investigate topographic effects of rainfall interpolation with a case study from Central Taiwan after Typhoon Mindulle in 2004.
Study Area and Rainfall Event for an Experiment
The study area is located in Nantou County, central Taiwan (Figure 2 ). This area is included in map number 95201SW in the national map series. The area covers 12,816 m in the east-west direction and 13,901 m in the north-south direction. The terrain has a very high relief. Rock formations are highly fractured due to the active mountain-building processes prevailing in Taiwan.
The event considered in this study is Typhoon Mindulle of 1-4 July 2004. Rainfall intensities recorded in the study area were as high as 110 mm/h at Suili Station, 120 mm/h at Jiji station, and 100 mm/h at Senlong Station. This was an "extreme torrential rain" according to Central Weather Bureau [21] , with heavy rain in the central and southern parts of Taiwan. Many places in Central and Southern Taiwan received more than 1,000 mm of rainfall. The maximum wind speed in the typhoon center reached 45 m/s. Figure 3 shows the procedure for deriving topographic-corrected rainfall. Rainfall and wind datasets were collected from the Central Weather Bureau of Taiwan for periods before and after Typhoon Mindulle. In addition, raindrop analysis was based on the records of disdrometers [22] . Horizontal wind field and terminal raindrop velocity are combined to derive rainfall vectors. According to terrain aspect, the rainfall vector is further projected as a correction factor to account for topographic effects.
Methodology
The rainfall vector is composed of wind speed and terminal velocity of raindrops, and projection of a rainfall vector onto a ground surface defines the amount of topographic correction needed. Wind speed vectors are deduced from wind records from weather stations. Terminal velocity of raindrops is derived from either raindrop distribution recorded by disdrometer or a specific rainfall pattern inference of the dedicated rainfall event. Subsequently, the projected rainfall vector of each grid cell is deduced employing a digital terrain model. Original rainfall distribution in the area is then adjusted with this correction.
The following section provides the details of the proposed scheme.
Determining the Terminal Velocity of Raindrops
A rainfall vector is composed of a wind vector and a terminal raindrop velocity. The hourly wind direction averages in degree from azimuth 0° to 360° and wind speeds in meters per second (m/s) are recorded in a standard weather station. Weather records of hourly rainfall and wind directions are acquired from Central Weather Bureau for all the 10 stations in Figure 2 . Therefore, the derivation of wind vectors is straightforward. The hourly rainfall terminal velocity of the study area is obtained by the measurements of a 2D-video disdrometer [23] . Rainfall terminal velocity can be obtained from direct measurements [24, 25] or derived from the raindrop spectrum of a Doppler Weather Radar [26] . It is generally recognized that terminal velocity and raindrop size are closely related [24, 27] . Terminal velocity can be expressed as a function of raindrop size. Therefore, drop size distribution (DSD) is the key for deriving terminal velocity. DSD Topographic-Corrected Rainfall could be obtained from rainfall simulators [28] [29] [30] [31] or from measurements of impact or optical disdrometers [32] or profilers. It is reported that DSD in Taiwan is dominated by rainfall types and seasonal changes [27, 33] .
The terminal velocity is derived from the mean value (D 0 ) of hourly average and Equation (1) [24] . Because DSD is both site and event dependent, V of Equation (1) will be site and event dependent, too. For the study area in middle Taiwan, the mean value (D 0 ) of the raindrop size is 1.8 mm for Typhoon Mindulle event. Therefore, the terminal velocity is 6.14 m/s. 
Determining the Wind Vector
A wind vector can be decomposed into east-west (abbreviated as E-W) and north-south (abbreviated as N-S) components. The hourly E-W and N-S components of each weather station are computed from the wind records. Subsequently, interpolation is performed with the irregularly distributed observations from scattered weather stations into regular grid for E-W and N-S components separately. Wind vectors of each grid cell are then derived from E-W and N-S components in each corresponding cell. Because the horizontal wind field is applied, the directions for the Mindulle event vary from azimuth 0 to 359 degrees with prevailing direction of 180-270 degrees. The magnitude of the average wind vectors during Typhoon Mindulle event range from 2.0 to 5.0 m/s.
Determine the Rainfall Vector
The correction factor for each grid cell in a dedicated rainstorm event could be derived with the following parameter sets: (a). the average rainfall vector of the highest 24-h rainfall intensity; (b). the accumulated rainfall vector of hourly average rainfall vectors in the highest 24-h rainfall intensity; (c). the average rainfall vector of the 12 h prior to the peak intensity of the event; (d). the accumulated rainfall vector of the hourly average rainfall vectors in the 12 h prior to the peak intensity of the event; and, (e). the accumulated rainfall vector of the hourly average rainfall vectors in the all hours of the event.
Which parameter set best describes the rainfall events remains for further study. Landslides are supposedly triggered when the ground soil becomes saturated and the most significant time is while rainfall intensity reaches its maximum. Therefore, (c) is adopted in this research though it might not be the best one.
Determining the Correction Factor of Topographic Projection
A correction factor can be derived from the projection of the rainfall vectors onto the sloping ground surface, including the major factors of surface slope, aspect, and rainfall direction. Figure 4 illustrates the rainfall vector in relation to raindrop terminal velocity and horizontal wind speed. The key mechanism of topographic effect on rainfall intensity is the horizontal wind field. It is assumed that no significant turbulent winds or raindrop capture took place. Thus, actual rainfall received on a sloping surface should be corrected with the projection of the rainfall vector on the slope surface. The number of raindrops received on a windward sloping area is different from those on the leeside. A digital elevation model is used as a spatial reference for computing the correction factor of each cell following the procedures shown in Figure 3 . In each cell, rainfall vectors are derived from the slope azimuth, slope angle, wind vector, and terminal velocity of the corresponding cell in the same location. In the complete study area, the deviation of the rainfall vectors from the vertical ranges from 14.45° to 34.19° . Complete coverage of the correction factor (Kt) was then computed with the deviation angle of each grid cell with respect to the slope aspect. As shown in Figure 4 Wind vector distance OW in a horizontal plane is projected onto a windward slope with a distance of OV, where OV can be defined by deviation angle of θ, slope aspect α, and the unit distance OW. The rainfall on OW is received by the area of OV. Thus, if rainfall vector is normal to slope surface, the correction factor Kt' is the ratio of OW to OV, as shown in Figure 4 (a). Otherwise, a correction of azimuthal deviation (δ) has to be made, as shown in Figure 4(b) . Therefore, the correction factor (Kt) is a function of theta (θ), alpha (α), and difference of azimuth angle of the slope and rain vector (δ), following Equation (2-4). As shown in Figure 4 (b), because rainfall vectors may not be in the direction of slope dip direction, an azimuthal correction to the deviation of theta (δ) is thus applied as Equation (4) 
Kernel Density Analysis of Landslides
Landslide occurrence with respect to a certain factor can be presented with a statistical table describing the fractions of each attribute class. The ordinate axis is the frequency and the abscissa axis is the attribute classes. This could be presented with a scatter plot as well. As shown in Figure 5 (a), each landslide that occurred after the typhoon event is plotted as a point with the slope on the vertical axis and rainfall on the horizontal axis. Clusters of points indicate concentration of landslide occurrences. The scatter plot could be further processed with kernel density estimation, as shown in Figure 5 (b). Kernel density is a nonparametric way to estimate the probability density function for a given variable [34] . Unlike histograms, kernel densities do not group data into bins, but use small bumps estimated by the kernel function. Instead of a simple mathematical division of the area covered by landslides of the total study area, kernel density estimation produces a map of smoothed continuous intensity estimation. Compared with a histogram, the interactions of two parameters such as slope and rainfall could be visualized, which improves the perception of the controlling factors. Kernel density estimation (KDE) is applied to process the dispersed discrete point features [34] [35] [36] and provide a better representation of the features under combined effects. The result of a KDE is usually a raster dataset where each cell has a density value that is weighted according to distance from the starting features. The user can choose the cell size of the output raster, the attribute field to be used in the calculation, its units of measure, and the search radius.
A density map is an exploratory spatial analysis tool to visualize the trend of a point pattern. A smoothed density map is a continuously varying surface where each grid represents the density of the underlying point process and it offers a quick overview of the spatial pattern of the point events. Such a map can be calculated by overlaying the event datasets with a grid and calculating the event density, D, within a search region with radius, h, around the center of every grid cell. A kernel function is used to fit a smoothly tapered surface to each point and the density is calculated from the surfaces where they overlap the center of the output grid cell. This gives a smoother output grid, while maintaining the same general values for density.
Density values vary according to the software used [36] . The quadratic kernel function implemented in ESRI ArcGIS 9.1© with the Spatial Analyst© extension was used. The function takes the following form: Isarithmic lines are used to further enhance the presentation of the landslide concentration. The pattern of landslide concentration with slope and rainfall with/without adjustment for topographic effect is then explored.
Experimental Results and Discussion

The Generation of Reference Data for Evaluation
A landslide is a highly complex subject. Understanding the occurrence of landslides is important to study their relationship with influencing factors, such as bedrock type, slope steepness, and hydrology. To interpret landslides that have already occurred, remote sensing images have been widely used. In this study, automated extraction of landslides is carried out with Satellite pour l'Observation de la Terre (SPOT) images first. The resulting landslide area is in pixels. Grouping and aggregation are then performed with morphological erosion and dilation operators. Subsequently, the landslides are mapped as a number of polygons through vectorization. All polygons smaller than 100 m 2 are filtered out to avoid spurious features. While there are only a few omission errors, the commission error of landslide classification based solely on spectral images can be as high as 80% [12] . In order to reduce commission error, the landslide polygon map is overlaid with an orthophoto. This manual photographic interpretation procedure ensures the accuracy of the landslide classification by removing commission errors such as roads, parking lots, and other land cover types having spectral signature similar to landslide. Two landslide maps interpreted from SPOT images were thus created. One map depicts the existing landslide areas shortly before Typhoon Mindulle and the other map represents landslides shortly after. Two SPOT-5 scenes were selected based on image quality and cloud cover percentage. They were taken on 15 January 2004 and 2 November 2004, respectively. Characteristics of the selected images are listed in Table 2 . Selected images of the study area were cloud free for both dates. Images were precisely ortho-rectified with accuracy within one pixel and geo-referenced to the TWD97 Taiwan Datum coordinate system [37] . The panchromatic, multispectral, and pan-sharpened images were acquired. Multispectral images were used for automatic classification of landslides with Maximum Likelihood Method.
The slope and aspect of terrain are derived from the DEM produced by Aerial Survey Office of the Forestry Bureau. The grid size of the DEM is 40 m and its vertical accuracy is about 2.5 m [38] . For calculating rainfall vector, a local trend of slope attitude was derived using the DEM of the 40m-grid from the Aerial Survey Office of Forestry Bureau.
Orthophotos used in this study were acquired in 2002. The grid size of the orthophotos is 50 cm, which is a standard product supplied by the Aerial Survey Office of the Taiwan Forestry Bureau for civilian applications. Although aerial photographs were acquired at a different time from the SPOT images, the orthophotos were used for checking the classification results of SPOT images other than interpreting existing landslides. Commission errors occur in areas such as bare farmlands, riverbank soils, and sparsely-vegetated open spaces, and the parceling of these committed errors can be very different from the natural shapes of landslides. Therefore, it is useful to obtain a quick result from SPOT images with automatic classification, and subsequently apply a manual check to eliminate incorrect polygons with orthophotos employing conventional visual photo-interpretation methods. These steps were adopted to ensure correctness of the landslides used in subsequent analysis.
As shown in Figure 6 , there were 84 existing landslides interpreted from SPOT images on 15 January 2004, the date before Mindulle and 113 landslides were observed from SPOT images on 2 November 2004, the date after Mindulle. The size of each individual landslide ranged from 100 m 2 to 80,000 m 2 . Table 3 shows the statistics of different classes of landslide sizes for both before and post Typhhon Mindulle. The solid diamond in Figure 7 shows the distribution of cumulative percentage of the size of landslides existing before Mindulle. The solid square in Figure 7 is for landslides identified after Mindulle. It is shown that the cumulative area is 60% for an individual landslide with an area smaller than 25,000 m 2 , whereas the cumulative percentage of total number of landslides under this size is 90%. In other words, most landslides were small. Figure 6 . Spatial distribution of landslides in the study region before and post typhoon Mindulle. Location of the area is shown in Figure 2 . Figure 7 . Distribution of cumulative percentage of landslide size as interpreted from images taken before and after Typhoon Mindulle. Solid diamonds are for those before the event whereas solid squares are for those after the event.
In general, the size distributions of landslides for before and after Mindulle show a similar trend. The area of individual landslides is proportional to the cumulative fraction. From the curves in Figure 7 , there are two linear segments. This may represent two separate landslide processes. In the first, small landslides take place and comprise the first 10 to 60% of the cumulative percentage of total landslide area. This linear trend has a high slope in this first, indicating a rapid increase of small landslides when rainfall exceeds a certain threshold. The second starts from a cumulative percentage of more than 60% where a gentle slope of the linear trend is observed in the landslides after the event as shown by solid squares in Figure 7 . This indicates that large-scale landslides with areas larger than 25,000 m 2 are triggered after the occurrence of small landslides. 
Effects of Topographic Correction with Rainfall Vectors
Wind vectors from three selected weather stations were calculated separately. Wind vectors of each grid-cell were interpolated from these stations. Since there are fewer wind stations than rain stations, it is important that the study area should be completely enclosed by the selected stations to avoid extrapolation. Similarly, rainfall vectors from all weather stations were calculated separately. Then rainfall vectors of all grid-cells were obtained by interpolation from stations. The grid size was 40 m, corresponding to the grid of DEM. Then projections of rainfall vectors onto the ground surface of each grid-cell were created.
Rainfall distribution of the study area is derived from the rain records of the ten selected weather stations with the ordinary Kriging interpolation scheme. The maximum event rainfall in the study area is 782 mm and the minimum is 600 mm. Figure 8(a) shows the result of interpolation of the average rainfalls of the 12 hours prior to the peak intensity of the Mindulle event of the ten stations. In comparison, Figure 8 (b) shows rainfall distribution with topographic correction. The landform undulation is marked on the rainfall map. Maximum rainfall after correction is 848 mm and the minimum becomes 620 mm. It is noteworthy that places with minimum and maximum values do not remain at the same sites before and after correction. As described in Section 3.4, the magnitude of correction factor depends on slope attitude; the location depends on whether it is a windward slope or leeward slope. This effect is further illustrated in Figure 9 , which shows the percentage of difference between the adjusted rainfall map and the original rainfall map. In general, the effect of change is 11%. In the windward aspect, an increase of 8% rainfall is estimated, whereas a maximum deduction of 2% rainfall is estimated in the leeward aspect. There are very few areas where correction factors are negative. This shows that underestimation of rainfall intensity in the windward aspect due to topographic effect was obvious. 
Landslide Distribution in Various Slope Aspects and Rainfall
The landslide occurrence density is shown in Figure 10 . The ordinate of the vertical axis is the slope aspect and the abscissa of the horizontal axis is rainfall. Figure 10(a,b) is plotted with the landslides on SPOT images taken after Mindulle, where rainfall of Figure 10 (a,b) are without and with topographic correction, respectively.
Comparing Figure 10 (a) and 10(b), the general S-shaped banding of landslide density after correction is the most obvious difference. Because the prevailing windward slopes are in the aspects of 180-270 degrees of azimuth, the topographic-corrected rainfalls are raised in larger amount than those of other slope aspects. The general trend of the S-shaped banding is thus formed. If the rainfall is not corrected with topography and slope aspects, most landslides take place when rainfall is in the range of 650-680 mm with no specific influence of slope aspects. However, in the prevailing windward slopes in the aspect of 180-270 degrees, landslides take place in a very narrow band. Then the rainfall thresholds of windward slopes become more than 700 mm. In the leeward-side of 0-90 degrees of azimuth, a banded feature still exists, but it is a wider band. These features show that landslide processes in different aspects are not the same. The landslide period in windward slopes is relatively shorter, and rainfall thresholds for initiating processes are relatively higher. Both of these features are due to rainfall vectors in the opposite direction of the slope aspects. Figure 11 shows the pattern of landslide occurrence. The vertical axis is slope angle and the horizontal axis is rainfall. Figure 11(a,b) are plotted with the landslides only on SPOT images taken after Mindulle, where rainfall of Figure 11 Comparing Figure 11 (a) and 11(b), it can be seen that the range of slope angles of landslides remains relatively unchanged with and without topographic correction, as expected, because slope angle of a landslide does not change even if the relationship between rainfall vector and slope attitude changes. Before rainfall is corrected, as shown in Figure 11 (a), the first stage of landslides takes place in the rainfall range from 650 mm to 685 mm, and the second stage takes place in the range of 705 mm to 745 mm. However, after the rain is corrected, the concentration of the trend pattern of landslide occurrence is obvious in Figure 11 (b). The first stage of landslide occurrence takes place in the range of 655 mm to 750 mm, which gives a lower threshold and wider range than the case of no topographic correction. The range in second stage is from 755 mm to 795 and is concentrated in one group.
Landslide Distribution in Various Slope Angles and Rainfall
Conclusions and Future Work
A rainfall-vector projection method is proposed for topographic correction. A rainfall-vector is a resultant vector combining vertical raindrop terminal velocity and a horizontal wind vector. In the case of Typhoon Mindulle of 2004, the range of the average wind vectors ranges from 2.0 to 5.0 m/s. Deviation of the angle between the rainfall vector and the vertical rainfall vector of the study area ranges from 14.45 to 34.19 degrees. The correction factor ranges from −2% to +9%.
The density of landslides derived from the scatter plot of rainfall intensity and slope/aspect is applied in this study for exploring the relation between landslide and these variables. Although we assumed non-turbulent wind and direct falling-down with no raindrop capturing processes, the rainfall intensity is more realistic with the topographic correction than without and agrees more closely with the landslide occurrence. Taiwan Typhoon and Flood Research Institute was established in 2011 and advanced observation techniques including 1D and 2D video distrometers, and various types of weather radar systems for raindrop observations and rainfall intensity observations, respectively. The datasets can be further adopted in further study of rainfall vectors of the topographic effect.
